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A B S T R A C T   
We report on wavelength extension of diode-pumped Tm:YLF crystal lasers. Using specifically coated end-face 
mirrors, we have achieved a simulataneous dual-wavelength laser at 2.05 and 2.3 μm with a maximum output 
power up to 1.33 W and slope efficiency of about 9.7% in continuous-wave regime, for the first time to the best of 
our knowledge. Moreover, using an un-doped YAG etalon for wavelength tuning, the 2.05 μm lasing wavelength 
can be shifted to as far as 2.1 μm. We believe that it is the first time that a Tm:YLF laser has been wavelength 
extended to that far. Using a Cr:ZnSe saturable absorber, a passively Q-switched Tm:YLF laser at 2.05 μm has also 
attained with a maximum average output power of 0.66 W. The shortest pulse width is 91.7 ns at pulse repetition 
rate of 8.47 kHz. This work has extended the operating wavelengths of Tm3þ lasers to that in general for Ho3þ
lasers, which could be practically meaningful for various applications.   
1. Introduction 
Laser sources operating at 2.0-μm wavelength range have attracted 
growing interest in view of a wide variety of emerging scientific and 
technological applications, such as range-finding, coherent laser radar, 
atmospheric sensing [1,2]. Moreover, this wavelength range has 
important applications in medicine because of large absorption coeffi-
cient of radiation at these wavelengths in water. 
It is well-known that trivalent Tm3þ and Ho3þ laser materials are 
especially advantageous because they have wide gain spectra around 
2.0 μm. In general, Ho3þ lasers operate at wavelengths close to 2.1 μm, e. 
g. Ho:YAG at 2.09 μm [3] and Ho:YAP at 2.11 μm [4], while Tm3þ lasers 
operate at wavelengths close to or less than 2 μm [5–11]. Some Tm3þ
lasers could also be wavelengths tuned to close to 2.1 μm via some 
specific methods. For instance, Tm:YAG lasers can be wavelength tuned 
to as far as 2.16 μm and the lasing wavelength of Tm:YSGG can be tuned 
to 2.14 μm [12]. Feng et al. [13] reported wavelength tuned Tm:Lu2SiO5 
lasers with wavelength extended to 2.07 μm. Tm:KY(WO4)2 lasers are 
also possible to be operated at this long wavelength [14]. Recently, 
Beyatli et al. [15] has reported three wavelength tunable lasers based on 
Tm:YLF crystal (with wavelength tuned to about 2.04 μm), Tm:LuAG 
crystal (to about 2.11 μm) and Tm:YAG crystal (to about 2.09 μm). Re-
searches on wavelength extensions are practically meaningful and 
necessary, which extend the applications of them as laser sources. 
Tm:LiYF4 (YLF) is a well-know Tm3þ-doped fluorides. It has several 
main emission peaks between 1.8 and 1.9 μm and the emission intensity 
of it drops to very weak at close to 2.1 μm [16]. As a result, this crystal 
has often been operated at wavelengths shorter than 1.9 μm [17,18]. 
Until recently, as mentioned above, Tm:YLF crystal laser has been found 
possible to lase at 2.04 μm with the aid of birefringent filter [15]. 
However, any inserter into the laser cavity for wavelength tuning will 
lead to extra loss, unavoidably. 
In this work, using specifically coated end-face mirrors that suppress 
the high-gain 1.9 μm emission band and support laser emission at 
wavelengths longer than 2.05 μm, we have demonstrated a wavelength 
tunable Tm:YLF laser from about 2.01 to about 2.1 μm. Moreover, since 
the coating contains a high reflection at 2.3 μm, we have consequently 
operated a simultaneous dual-wavelength laser at 2.05 and 2.3 μm. 
Passively Q-switched laser operation has also been realized at this long 
wavelength of 2.05 μm using a Cr:ZnSe saturable absorber. 
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2. Experimental details 
Schematic of the experimental setup is shown in Fig. 1. A fiber- 
coupled diode laser served as pump source emitting at 790 nm with 
core diameter of 105 μm and numerical aperture of 0.22. The pump 
beam was collimated by a 30-mm (focal length) doublet lens and then 
focused by a 50-mm doublet lens into the laser crystal. A three-mirror V- 
shaped laser resonator was arranged with a flat input mirror M1, a 50- 
mm (curvature radius) concave mirror M2 and another 50-mm 
concave mirror M3. The M1 has a high transmission of about 90% at 
pumping wavelength and a high-reflection of about 99.8% at considered 
laser wavelengths. The M2 has the same coating as that of M1. The M3, 
acting as output coupler, has a flat transmission from 2.05 to 2.3 μm 
with specific values of about 0.98% at 2.05 μm and 1.83% at 2.3 μm. 
Beyond this range, i.e. shorter than 2.05 μm and longer than 2.3 μm, 
transmission of the M3 sharply increases, e.g. to about 78% at 1.9 μm 
and 12% at 2.01 μm. 
The laser gain medium is an a-cut Tm:YLF crystal with dopant con-
centration of 4 at.% and dimensions of 3 � 3 � 11 mm3 (11 mm along 
the cavity axis). It absorbs about 82.4% of the pump power, which led to 
an effective absorption coefficient of about 1.58 cm  1. To protect the 
Fig. 1. Schematic of diode-pumped Tm:YLF lasers in CW and passively Q-switched regimes.  
Fig. 2. The output power versus absorbed power of CW Tm:YLF laser; inset: 
laser beam spot at maximum output power. 
Fig. 3. Typical laser spectra at output powers of (a) below 0.26 W, (b) 0.32 W, (c) 0.48 W and (d) 1.33 W.  
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laser crystal from thermal fracture, it was wrapped with indium foil and 
then mounted inside a water-cooled copper block with temperature set 
at 14 �C. In this experiment, an undoped YAG thin plate with thickness 
of 0.13 mm was used as Fabry-P�erot etalon for wavelength tuning, 
which was inserted between M2 and M3. For the operation of passive Q- 
switching, the YAG etalon was replaced by an anti-reflection coated Cr: 
ZnSe saturable absorber with initial transmission of about 88%. 
3. Results and discussion 
Without the insertions of the YAG etalon and Cr:ZnSe saturable 
absorber, a continuous-wave laser operation has been achieved after 
good alignment of the laser resonator. The dependence of output power 
on absorbed power is show in Fig. 2. The laser threshold is about 1.95 W 
and with the increasing of the absorbed power to about 15.9 W the 
maximum output power almost linearly promoted to about 1.33 W. 
Linear fit of the output power data leads to a slope efficiency (ηs) of 
about 9.7%. We estimate the intracavity round-trip loss L using the 
following expression: 
ηs¼
λp
λo
ηp
T
T þ L  
where λp is the pumping wavelength, λo is the laser wavelength, T is the 
transmission of the output coupler and ηp is the excitation quantum ef-
ficiency, i.e. the fraction of excited ions per absorbed pump photons, 
which can be assumed to be equal to 1. Thus, using the above data, we 
can calculate the intracavity round-trip loss to be about 3.0%, which 
mainly arises from the non-anti-reflection coating, imperfect quality and 
reabsorption loss of the laser crystal. 
By monitoring the laser wavelength, we found that below an output 
power of about 0.26 W only single-wavelength at about 2053 nm can be 
achieved. However, further increasing the pump power, a new wave-
length at about 2297 nm can also lased. As a consequence, in this 
experiment a simultaneous dual-wavelength lasing behavior at 2053 
and 2297 nm occurred. We have shown the wavelength evolvement at 
different output powers, as shown in Fig. 3. As reported above that the 
maximum output power is about 1.33 W and the corresponding lasing 
wavelength is shown in Fig. 3(d), the output powers are determined to 
be about 1.14 W and 0.19 W for the 2053 nm and 2297 nm lasers, 
respectively, using two partial transmission filters. In this experiment, 
we further verified the temporal synchronization of the two wavelengths 
by monitoring the two separated lasers with two photodiodes and an 
oscilloscope. Note that at this time the pump beam was modulated by a 
mechanical chopper. The oscillogram is shown in Fig. 4. 
Ref. [18] reported a continuous-wave Tm:YLF laser at 1902 nm with 
a maximum output power 4.5 W and slope efficiency of 17%. According 
to Ref. [16], emission cross section of the 2.05 μm line is far less than 
that of commonly studied 1.9 μm line. However, in this experiment, we 
have still achieved considerable laser output power and slope efficiency, 
which should be attributed to a weak negative influence of reabsorption 
effect. As we know, Tm3þ lasers corresponding to 3F4 → 3H6 transition 
belong to quasi-three level system. Laser performances of quasi-three 
level lasers are in general limited by reabsorption losses of the laser 
materials. The relatively small round-trip loss according to the above 
estimation could indicate that the reabsorption loss is also very small. 
Furthermore, according to the absorption spectrum of Tm:YLF crystal 
reported in Ref. [16], in fact, the reabsorption effect of Tm:YLF crystal 
only exists below 2.0 μm. 
Wavelength tuning was fulfilled with the YAG etalon. Under the 
present case, by slightly tilting the YAG etalon, we found the wavelength 
can be tuned from 2018 nm to 2096 nm, i.e. a wavelength range of 
78 nm, as shown in Fig. 5. Achieving shorter wavelength is limited by 
the high transmission loss of the output coupler, while very low gain 
should answer for the no lasing at longer wavelength. Note that we 
operated the wavelength tuning at an absorbed power of about 14 W 
during the wavelength tuning. Above this absorbed power to a 
maximum absorbed power of 15.9 W, weak 2.3-μm laser emission can 
also be observed sometimes. 
Replacing the YAG etalon with the Cr:ZnSe saturable absorber and 
Fig. 4. Temporal behaviors of the separated 2053 and 2297 nm lasers.  
Fig. 5. The laser wavelength tunability from 2018 to 2096 nm.  
Fig. 6. The average output power versus absorbed power of the passively Q- 
switched Tm:YLF laser; inset: the corresponding laser spectrum at 2047 nm. 
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increasing the absorbed power to about 3.2 W, a stable passively Q- 
switched laser operation was obtained with a maximum average output 
power of 0.66 W, as shown in Fig. 6. Note that the 3.2 W absorbed power 
only allowed single wavelength lasing at 2053 nm for continuous-wave 
case. The slope efficiency is about 5.1%. The laser wavelength was found 
to be about 2047 nm (see the inset in Fig. 6). Comparing with 
continuous-wave case, 2.3 μm laser emission has not appeared, which 
can be explained as follows. According to the absorption spectrum of Cr: 
ZnSe crystal [19], the absorption coefficient at 2.05 μm is still consid-
erable to be about close to 2 cm  1, while it drops to be negligible at 
2.3 μm. That is to say, the Cr:ZnSe crystal is much more easier to be 
saturated at 2.05 μm than at 2.3 μm. Moreover, in continuous-wave 
mode, 2.05 μm laser emission dominated inside the laser cavity 
despite simultaneous dual-wavelength laser operation. As a result, the 
2.05 μm emission line oscillated in passively Q-switched mode while the 
2.3-μm transition line has been suppressed. 
For a passively Q-switched laser operation, theoretical pulse width τ 
can be estimated using the following equation [20]. 
τ¼ 3:52 tr
q0  
where tr is the cavity round-trip time and q0 is the modulation depth of 
the used Cr:ZnSe saturable absorber. Using this formula, we can simply 
calculate the modulate depth to be about 2.4%. Hence, on the other 
hand, by increasing the modulation depth, we expected pulse width of 
the Q-switched laser at 2047 nm can be further narrowed. 
The achieved laser pulses in different temporal scale are reported in 
Fig. 7. In this experiment, the shortest pulse width is about 91.7 ns (see 
Fig. 7(a)). Fig. 7(b–d) shows the typical pulse trains at threshold, 0.23 W 
and maximum of average output powers with repetition rates of 
1.17 kHz, 3.26 kHz and 8.47 kHz, respectively. Stability of the passively 
Q-switched laser was estimated to be less than about 9.2% by measuring 
the pulse-to-pulse amplitude fluctuation. Moreover, during the laser 
experiment, we found that with the increasing of the absorbed power the 
pulse repetition rate increased quite linearly. Finally, the maximum 
pulse energy was estimated to be about 77.9 μJ and the pulse peak 
power to be about 0.85 kW. 
4. Conclusion 
We have demonstrated a simulataneous dual-wavelength laser at 
2.05 and 2.3 μm with a maximum output power of 1.33 W and slope 
efficiency of about 9.7% in continuous-wave regime. The 2.05 μm lasing 
wavelength can be shifted from 2.01 μm to 2.1 μm by using an un-doped 
YAG etalon for wavelength tuning. Using a Cr:ZnSe saturable absorber, a 
passively Q-switched Tm:YLF laser at 2.05 μm was also obtained with a 
maximum average output power of 0.66 W. The shortest pulse width is 
91.7 ns at pulse repetition rate of 8.47 kHz, which led to pulse energy of 
77.9 μJ and a pulse peak power of 0.85 kW. 
Suppression of the 2.01–2.1 μm lasing by high-transmission coating 
at this emission band will lead to a single-wavelength Tm:YLF laser at 
2.3 μm, which is especially of interest in gas detection systems. The 
2.3 μm laser radiation can also be obtained in a broadly tunable Cr:ZnSe 
laser. However, 2.3-μm Tm:YLF laser is still advantageous because its 
pump source can be provided by a compact, high-power and cost- 
effective 790-nm diode laser. As we know, Cr:ZnSe laser should be 
pumped by a costly and complex Tm3þ laser at 1.9 μm. 
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Fig. 7. (a) The achieved shortest pulse width and (b–d) pulse trains at repetition rates of 1.17 kHz, 3.26 kHz and 8.47 kHz.  
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